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Abstract 
The direct electron transfer between indium-tin oxide electrodes (ITO) and 
cytochrome c encapsulated in different sol-gel silica networks was studied. Cyt c@silica 
modified electrodes were synthesized by a two-step encapsulation method mixing a 
phosphate buffer solution with dissolved cytochrome c and a silica sol prepared by the 
alcohol free sol-gel route. These modified electrodes were characterized by cyclic 
voltammetry, UV-visible spectroscopy and in situ UV-visible spectroelectrochemistry. 
The electrochemical response of encapsulated protein is influenced by the terminal 
groups of the silica pores. Cyt c does not present electrochemical response in 
conventional silica (hydroxyl terminated) or phenyl terminated silica. Direct electron 
transfer to encapsulated cytochrome c and ITO electrodes only takes place when the 
protein is encapsulated in methyl modified silica networks. 
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1. Introduction 
The direct electron transfer from conducting materials to biomolecules, particularly 
proteins, has become a central issue in the development of certain biotechnological 
devices such as biofuel cells or chemical biosensors 1-3. Bioelectrochemical studies on 
proteins have reported useful information about the structural organization of these 
molecules in contact with surfaces, the electron transfer characteristics to electrodes or 
the electron transfer processes in biological systems2,4-7. 
Enzymes, as specific protein catalysts, have been used for the detection of a number of 
analytes, triggering the development of electrochemical biosensors and becoming a 
trending topic in electroanalysis during the last few years. Usual amperometric 
biosensors make use of redox mediators which are immobilized on the electrode 
surface. These mediators, usually ferrocene species, have the ability of carrying 
electrons from the enzyme molecule to the electrode 8-10. However, current scientific 
attention focuses on the development of the so-called third generation of biosensors. In 
such devices, the direct electron transfer take place between enzyme molecules and 
electrode surfaces with no redox mediation 11-14. 
For the development of these applications, direct electron transfer to immobilized 
proteins is preferable because it delivers better electrochemical responses. Accordingly, 
several strategies for the immobilization of enzymes have been assayed: covalent 
binding 15,16, physical adsorption17-21 or encapsulation within polymeric matrices 22. 
Promising results have been obtained for enzyme encapsulation in inorganic matrices 
such as silica synthesized by sol-gel processes 9,23-25. Encapsulation within silica 
networks provides soft immobilization conditions that prevent denaturalization of 
biomolecules upon encapsulation 26,27. In addition, the silica structure offers protection 
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against some bulk solution components, thus reducing the risk of denaturation because 
of pH or ionic strength effects 28.  
The electrostatic interactions between silica materials and encapsulated biomolecules 
are very relevant in the optimization of these systems for bioelectrochemical 
applications 29,30. Specifically, it is known that silica pores may be tailored to favor 
certain enzyme orientations which allow the substrates reaching their active sites easily.  
A key aspect in pore modification is the tuning of their polarity, which can be achieved 
by copolymerization of suitable organosilane precursors with the usual tetralkoxide 
silica precursor. The resulting organic-inorganic hybrid material is known as ormosil, 
i.e. an organic-modified silica. These hybrid materials show different affinity for polar 
structures thereby modulating the stability and functionality of the encapsulated 
biomolecules 24,27. 
In the present work we have examined the viability of inducing direct electron transfer 
between electrode surfaces and biomolecules encapsulated in silica materials. The 
selected model molecule was the redox active protein cytochrome c (cyt c). Cyt c is a 
water soluble hemoprotein acting as electron transducer during the biological 
respiratory chain thanks to its capability to undergo redox transformations 31. Several 
bioelectrochemical devices take advantage of this redox ability, for example cyt c has 
been used as electron acceptor in the cathode of glucose-oxygen biofuel cells 1,32. It has 
been also demonstrated that the electrical current in microbial fuel cells is wired to the 
electrode through this type of proteins, which are present in the membrane of Geobacter 
sulfurreducens bacteria. Walcarius et al. have shown in a recent report the physical 
entrapment of bacteria (Pseudomonas fluorescens) in a porous sol–gel matrix deposited 
as a thin layer onto an electrode along with cytochrome c 33. The protein acts as redox 
6 
 
mediator providing an effective way to develop an ‘artificial’ biofilm that mimics the 
charge transfer processes of natural biofilms. 
Our goal is to develop a suitable method for the encapsulation of cyt c in different silica 
sol-gel materials (based on both inorganic and hybrid networks). A detailed 
electrochemical study of the electrode modified with encapsulated cyt c will be 
performed. Finally, the influence of the protein structural state on its electrochemical 
behavior and the effect of the silica matrix composition on the electrochemistry of the 
encapsulated biomolecule will also be investigated. 
 
2. Experimental part 
2.1. Reagents and equipment 
Tetraethyl orthosilicate (TEOS) were purchased from Sigma-Aldrich, hydrochloric acid 
(Merck, p.a.), triethoxy(methyl)silane (MTES) Sigma-Aldrich, triethoxy(phenyl)silane 
PhTES Sigma-Aldrich, cytochrome c (cyt c) from horse-heart 98% Sigma-Aldrich, 
Potassium dihyhydrogen phosphate (Merck, p.a.), Di-potassium hydrogen phosphate 
(Merck, p.a.), all the solutions were prepared with ultrapure water obtained from an 
Elga Labwater Purelab system (18.2 M cm). The electrochemical cells were purged by 
bubbling a N2 flow for 20 min, and the N2 atmosphere was maintained during all the 
experiments. The counter electrode was a platinum wire. All potentials were measured 
against a reversible hydrogen electrode (RHE). Indium-tin oxide (ITO) covered glass 
substrates (Delta, CG-60IN, 60 S cm-1) were used as working electrodes. Prior to its use, 
the ITO glass was degreased by sonication in an acetone bath and rinsed with an excess 
of deionized water, then an etching treatment was carry out with 37% w/w HCl to 
7 
 
define a working geometric area of 1cm2 for each ITO electrode. Cyclic 
voltammograms were performed with a potentiostat (eDAQ EA161) and a digital 
recorder (eDAQ, ED401) with eDAQ EChart data acquisition software. UV-vis spectra 
were acquired with a JASCO V-670 spectrophotometer using quartz cells with 1cm of 
optical path. In-situ UV-vis spectra were performed using an ALS model SEC-C05 Thin 
Layer Quartz Glass Spectroelectrochemical cell. The wettability (contact angle) of silica 
materials were measured with a Ramé-Hart 100 (Ramé-hart, inc, Mountain Lakes, NJ, 
USA) instrument at 25ºC. 
 
2.2 Preparation of electrodes 
Two stock solutions were prepared as follows: 
Solution 1, silica precursor solution, prepared by mixing 2.00 mL of TEOS (8.96 mmol) 
with 1.26mL of HCl 0.01M under vigorous stirring at room temperature in a closed 
vessel. After 2 hours, the resulting sol was submitted to rota-evaporation until the 
complete removal of the stoichiometric amount of ethanol released from the hydrolysis 
reaction 34. Alternatively, organic-modified silica (ormosil) was prepared following a 
similar procedure, but replacing part of the TEOS precursor by an organic 
triethoxysilane precursor (PhTES or MTES). The total moles of silica precursor were 
kept constant (8.96 mmol). The resulting ormosil network is labeled as SiO(2-0.5x)Rx 
where x represent the mole fraction of the organic moieties in the resulting solid gel. 
Solution 2, cytochrome c solution (1 mg/mL) was prepared by dissolving the protein in 
a phosphate buffer solution (PBS, pH 7) made of K2HPO4 0.15M + KH2PO4 0.1M. 
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For the encapsulation and immobilization of cytochrome c on the electrode 40µL of 
solution 1 were placed in an Eppendorf vial and mixed with 40µL of solution 2. The 
concentration of the protein in this solution was 40 μM. This mixture was dispensed 
over a clean ITO electrode. After a time period of 20-40 s a homogeneous silica gel is 
formed over the ITO surface. 
3. Results and discussion 
3.1. Characterization of cyt c in solution  
UV-visible spectroscopy has been used to get information on the structural state of 
dissolved cytochrome c at different pH values. Fig. 1 shows the UV-visible spectra of 
cytochrome c in either PBS or 0.5M H2SO4 electrolyte solutions. 
 
 
 
 
 
 
 
Figure 1. UV-visible spectra recorded for cytochrome c in PBS (pH=7, solid line) and 
in 0.5M H2SO4 (dashed line) solutions. 
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Under neutral pH conditions, cytochrome c is in its native state and two characteristic 
bands can be observed in the electronic spectrum. On the one hand, the so-called Soret 
band at 409 nm and, on the other, a broad band centered at around 535nm. This latter 
feature holds the contribution from the poorly defined α and β absorption bands of the 
heme group32,35. 
The UV-visible spectrum of cyt c in strong acidic conditions shows a blue-shifted Soret 
band peaking at 398 nm and an almost undetectable couple of α and β bands. The latter 
spectrum is characteristic of the denaturalized state of cyt c. 
The electrochemical characterization of cyt c in aqueous solution was carried out by 
cyclic voltammetry. Fig. 2.a shows the steady-state cyclic voltammogram recorded for 
an ITO electrode immersed in a solution containing 0.5 mg/mL cyt c in phosphate 
buffer. 
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Figure 2. (a) Steady-state cyclic voltammogram of an ITO electrode in a 0.5 mg/mL cyt 
c in PBS. Scan rate: 100mV/s; (b) Randles-Sevcik plot of anodic peak current vs the 
square root of the scan rate. 
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feature is linked with the oxidation of the ferrocytochrome c to form ferricytochrome c. 
During the reverse scan, the cathodic peak centered at 0.61V reveals the reduction of 
ferricytochrome c. The formal potential for cyt c redox transition can be evaluated from 
the mean of the peak potentials, 𝐸𝑜′ =
𝐸𝑝𝑎+𝐸𝑝𝑐
2
 = 0.66V vs RHE (0.25V vs NHE). This 
value is in good agreement with literature data 36-40. From ∆Ep we have determined the 
value of the standard heterogeneous rate constant for the electron transfer, kº, which 
amounts to 6.60×10-4 cm s-1. The details of the calculations are given elsewhere 41. The 
obtained kº value is also consistent with bibliographic data reported for graphite and 
ITO electrodes37,39. 
0.4 0.5 0.6 0.7 0.8 0.9 1.0
-2
-1
0
1
2
 
 
I/

A
E / V vs RHE
a
0.1 0.2 0.3 0.4 0.5
1.0x10
-6
2.0x10
-6
3.0x10
-6
4.0x10
-6
5.0x10
-6
6.0x10
-6
 
 
j/
A
.c
m
-2

1/2
 /(V.s
-1
)
1/2
b
11 
 
Cyclic voltammograms were carried out at different scan rates and the plot of anodic 
peak currents vs the square root of scan rates shows a linear trend, as can be observed in 
Fig. 2.b. From the Randles-Sevcik equation, a value of 4.7×10-7 cm2 s-1 for the diffusion 
coefficient of cytochrome c in solution was calculated, in good agreement with the 
literature data 37,39,42. These voltammetric experiments were conducted in PBS solution, 
were the cytochrome c molecule remains in its native state. Cyclic voltammetry studies 
performed in strongly acidic conditions (0.5M H2SO4) resulted in no electrochemical 
response for the dissolved protein, indicating that the protein in denaturalized state 
shows no redox activity in solution at ITO electrodes. 
The evolution of the spectral features upon electrochemical reduction was studied by 
in situ electrochemical UV-vis spectroscopy in a solution containing cyt c in PBS 
medium and the results are presented in Fig. 3. The experiment was initiated by 
acquiring one spectrum under open-circuit conditions (dotted lines) and then a reduction 
potential of +0.2 V was applied. Additional spectra were subsequently acquired every 
600 s to gain information about the effect of the applied potential on the UV-visible 
spectrum. Initially, the Soret band at 409 nm together with the couple of overlapped α 
and β-bands in the vicinity of 535 nm can be clearly observed. Both the frequency and 
the intensity of these features are typical of the oxidized state of cytochrome c 32,35. 
 
 
 
 
 
12 
 
 
 
 
 
 
 
 
Figure 3. In situ UV-visible spectra of  cytochrome c (0.2mg/mL) in PBS at open 
circuit (a) and after the application of a reduction potential of +0.2 V vs RHE for: 600 s 
(b), 1200 s (c) and 1800 s (d). 
 
 
When the potential is stepped to +0.2 V vs RHE the spectrum undergoes slight but 
significant modifications due to the reduction of cyt c. The Soret band shifts 3 nm to red 
and its intensity increases upon electrochemical reduction. More important changes are 
observed for α and β bands. The intensity of both features increases progressively 
during the reduction treatment and, simultaneously, they become resolved after 1800 s. 
The α-band peaks at 549 nm and the β-band at 520 nm at the end of the experiment. 
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3.2. Characterization of encapsulated cyt c in silica 
Fig. 4.a shows the cyclic voltammogram of cyt c@SiO2 modified electrode immersed in 
a PBS solution. This voltammogram exhibits the characteristic double layer of an ITO 
electrode with no redox process related with cytochrome activity. 
 
 
 
 
 
Figure 4. (a) Steady-state cyclic voltammogram recorded in PBS medium for a cyt 
c@SiO2 modified electrode. Scan rate: 100mV/s; (b) UV-Vis spectrum acquired for a 
ITO-cyt c@SiO2 immersed in PBS solution. 
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situ spectrum of Fig. 4.b, in situ spectroelectrochemical experiments were also carried 
out to follow the possible electrochemical reduction of encapsulated cyt c through the 
evolution of the corresponding absorption bands. However, no spectral modifications 
can be observed in such experiment (see Fig. S1 in the Supporting Information), which 
confirms the lack of electron transfer between the ITO electrode and the encapsulated 
molecule. 
The lack of charge transfer may be ascribed to the electrostatic interactions appearing 
between cyt c and the surface of the silica pores. It is known that the isoelectric point of 
cyt c is around 10, so this molecule is positively charged at the neutral pH of the 
experiments 48. On the contrary, silica presents an isoelectric point in the range of 1.7-
3.5 and, therefore, it is negatively charged in the PBS electrolyte used here 49,50. The 
opposite charges cause an electrostatic interaction of cyt c and silica walls which 
probably prevents the protein to reach more favorable orientation for the electron 
transfer, as suggested by Keeling-Tucker et al. 29,51. 
It is known that ormosils can provide silica structures with different degrees of 
hydrophobicity and the associated change in the pore polarity may favor the electron 
transfer with the electrode 52-54. So, at this point, the chemical modification of the silica 
is studied in order to obtain structures able to modulate the electrostatic interactions 
between the silica walls and cyt c.  
Fig. 5 shows cyclic voltammograms and UV-vis spectra for cyt c encapsulated within 
two different ormosil-modified electrodes: phenyl-modified silica (solid line) and 
methyl-modified silica (dashed line). The chemical formula SiO(2-0.5x)Rx, where R can 
be either Ph or Me group, has been used to describe the expected degree of substitution 
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in the chemical structure of the resulting material. The amount of organic groups was 
set at x= 0.1 for the experiments shown in Fig. 5. 
 
 
 
 
 
 
Figure 5. (a) Steady-state cyclic voltammograms of cyt c@SiO1.95Ph0.1 (solid line) and 
cyt c@SiO1.95Me0.1 (dashed line) modified electrodes in PBS. Scan rate: 100mV/s; (b) 
UV-Vis spectra of Cyt C@SiO1.95Ph0.1 (solid line) and cyt c@SiO1.95Me0.1 (dashed line) 
immersed in PBS. 
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electrochemical response is obtained after the inclusion of these groups. Furthermore, 
the introduction of higher amounts of phenyl groups (up to x= 0.32) does not modify the 
obtained result. 
The lack of electrochemical response could have been attributed to the 
denaturalization of the encapsulated protein. However, the UV-visible spectrum 
displayed in Fig. 5.b shows that the characteristic cyt c electronic absorptions are 
retained and, accordingly, that the biomolecule is in its oxidized and native state. 
Additional in situ electrochemical UV-vis studies were carried out to confirm that no 
direct electron transfer takes place under the experimental conditions employed. A 
reduction potential of 0.2V was applied during 2000 s to the phenyl modified silica 
containing the encapsulated biomolecule (see Fig. S2 in the Supporting Information). 
Since no changes in the UV-vis spectra are observed, it is deduced that the immobilized 
cyt c does not undergo any change in its oxidation state, in agreement with the absence 
of redox response observed in the voltammogram of Fig 5.a. 
Fig. 5 also shows the electrochemical and the spectroscopic characterization of cyt c 
encapsulated in a silica gel containing methyl groups (SiO1.95Me0.1). Methyl-modified 
silicas present higher hydrophobicity than the corresponding phenyl derivatives, as 
deduced from the contact angle measurements (see Table S1 in the Supporting 
Information). The dashed line in the cyclic voltammogram of Fig.5.a shows a pair of 
peaks (oxidation at 0.68V and reduction at 0.63V) clearly related with a redox process 
at the cytochrome heme center.  
The intensity of this electrochemical response of the encapsulated protein depends 
strongly on the amount of methyl groups in the silica network. Figure 6 shows cyclic 
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voltammograms recorded for different cyt c@SiO(2-0.5x)Mex modified electrodes, where 
the mole fraction of methyl groups was varied from 0.1 to 0.42. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. (A) Cyclic voltammograms for cyt c@SiO(2-0.5x)Mex modified electrodes in 
PBS. The mole fraction of methyl goups (x) is indicated for each line. Scan rate: 
100mV/s. (B) Voltammetric peak separation for encapsulated cyt c redox process as a 
function of the methyl mole fraction in the ormosil structure. 
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The electrochemical studies have been limited to methyl mole fractions below x= 0.42 
because the mechanical stability of the silica film is poor beyond that value. This effect 
is probably due to the lower cross-linking induced by the excess of methyl groups in the 
final material 29. 
These voltammetric curves show that the cytochrome redox process is barely detected 
for methyl-modified electrodes with x lower than 0.2, but well-defined features can be 
observed for higher methyl amounts. Since the encapsulated cyt c formal potential 
derived from these curves keeps constant at 0.66 V, it can be assumed that the inclusion 
of methyl groups inside the silica network does not induce conformational changes in 
the cytochrome structure. This assumption will be confirmed later by UV-vis 
spectroscopy. 
From the CVs in Fig. 6a it is possible to follow the evolution of the peak separation 
for the iron redox process, Ep, with the mole fraction of methyl groups present in the 
silica gel. The results obtained are shown in Fig. 6b, where it is observed that mole 
fractions below 0.28 lead to low peak separations of about 40-60 mV. Such figures 
strongly suggest that the redox process is electrochemically reversible at moderate 
methyl substitution. However, a sudden increase of the peak separation is observed for 
mole fractions above 0.28.  Indeed, cytochrome immobilized in highly methylated silica 
materials shows Ep around 100 mV, a value which is characteristic of quasi-reversible 
electrochemical processes.  
In order to gain more insight into the nature of the electron transfer process, cyclic 
voltammetry experiments for cyt c encapsulated in a set of methyl-modified silica were 
performed at different scan rates (see Fig. 7a). 
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Figure 7. (a) Plot of anodic peak current versus the square root of the scan rate for cyt 
c@SiO(2-0.5x)Mex modified electrodes in PBS. (b) Dependence of the encapsulated cyt c 
apparent concentration on the mole fraction of methyl groups present in the ormosil 
structure.  
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In any case, linear dependences of the peak current on the square root of the scan rate 
are found. Since this behavior implies a diffusion-controlled electrode process, it should 
be assumed that the electron transfer takes place from the electrode surface to cyt c 
molecules which retain part of their bulk free movement although they are encapsulated. 
Indeed, the silica hydrogel is often considered as a two-phase system consisting in a 
porous solid and a trapped aqueous phase 54. We have found that the results obtained 
here contrast with those reported previously by Wang et al. for several hemoproteins, 
including cyt c, entrapped in agarose gel 55 for which, a linear dependence of the current 
with the scan rate was observed. Accordingly, it was suggested that the electron transfer 
could take place to hemoproteins fixed to the polysaccharide chains. Later, these results 
were revised by Lo Gorton 56 who pointed that heme groups fully, or partially, detached 
from the protein were responsible for the observed electrochemical reaction.  
So, assuming that the immobilized cyt c stands in an encapsulating aqueous 
environment similar to the bulk solution, Randles-Sevcik equations can be used to 
obtain the apparent concentration of this biomolecule within the silica pore. Values of 
the apparent concentration are presented in Fig. 7.b as a function of the molar fraction 
of methyl groups in the silica. It can be observed that for silica gels containing up to 
24% methyl groups, the apparent concentration of cyt c remains really low (less than 
3µM, that is less than 8% of the encapsulated protein). However, when the methyl 
group content exceeds a threshold value of 24%, an abrupt increase in the apparent 
concentration of cyt c occurs and values as high as 20 µM are then obtained.  
This behavior may be related with the structural characteristics of ormosils. It is 
thought that low levels of organosilanes in the precursor solution facilitate their 
homogeneous dispersion within the pores of the final material. This is because the 
triethoxymethylsilane precursor is preferentially located at the pore interface, as the 
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methyl group prevents the polymer chain growth at its position. This leads to a regular 
change in the polarity of the material as the amount of organosilane is increased. 
However, high triethoxymethylsilane levels may lead to phase segregation owing to the 
existence of a critical point for the self-association of the organic components. This 
yields an open porous structure showing little interactions with cyt c 29. 
It has been observed that the amount of methyl groups has an effect on both the 
electrochemical reversibility of the redox process (Fig. 6) and the cyt c apparent 
concentration inside the silica material (Fig. 7). In other words, it appears a correlation 
between reversibility and concentration which has already been reported by other 
authors 37,55,57. According to the literature, this behavior can be due to the affinity shown 
by cyt c to the surface of metal oxide electrodes 58. At low apparent concentrations, the 
electrochemical behavior of cyt c corresponds to an ideal reversible system, whose peak 
separation approaches 59 mV, revealing fast electron transfer to the bare ITO surface. 
However, higher cyt c concentrations may favor the adsorption of a protein layer on the 
ITO surface which hinders the electron transfer process and, obviously, disturbs the 
reversibility of the electrochemical reaction. 
Now, we will return to the question of the possible conformational changes induced in 
cyt c by the presence of methyl groups in the silica pores. To check this, further in-situ 
UV-visible experiments have been conducted for the cyt c@SiO1.86Met0.28 electrode in 
PBS electrolyte. The spectrum (a) in Fig. 8 was acquired at open circuit and shows 
clearly the characteristic features of ferricytochrome c: the Soret band located at 409 nm 
and the poorly resolved α and β bands that appear in the vicinity of 530 nm. Upon 
electrochemical reduction at 0.2V, the shape of the UV-vis spectra changes to the 
characteristic profile of reduced cytochrome. In this way, the Soret band shifts slightly 
to 410 nm, whereas α and β bands get resolved appearing at 549 nm and 520 nm, 
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respectively. Cyt c is retained inside the silica during the experiments as revealed by the 
stability of the cyclic voltammograms recorded during the time interval of the 
experiments, which was longer than 2 hours. 
 
 
 
 
 
 
 
Figure 8. In situ UV-Vis spectra collected for a cyt c@SiO1.86Met0.28 modified 
electrode in PBS medium. Spectrum (a) was obtained first under open circuit 
conditions. After the application of a reduction potential of +0.2 V vs RHE, the 
following spectra were acquired at different times: 600 s (b), 1200s (c), 1600s (d) and 
2000 s (e). 
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buffer solution with dissolved cytochrome c and a silica sol prepared by the alcohol free 
sol-gel route. These modified electrodes were characterized by cyclic voltammetry and 
UV-visible spectroscopy. Cyclic voltammetry indicates that the direct electron transfer 
between encapsulated cytochrome c and ITO electrodes takes place only for silica films 
where the methyl groups were incorporated, while conventional silica synthesized from 
pure TEOS or phenyl-modified silica do not show any electrochemical response. UV-
visible spectroscopy experiments reveal negligible changes in the structural 
conformation of the encapsulated cytochrome c. The optical features of cytochrome c in 
silica were similar to cytochrome c in solution. From the experimental results presented 
in this paper it is expected that the electrochemical response of encapsulated proteins 
could be influenced by the terminal groups of the silica pores. These groups induce 
changes in both the polarity and the hydrophobicity of the micro-environment that 
surround the biomolecule.  
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